The Chinese government has long been preoccupied with solving the problem of overloaded trucking in intercity freight systems (IFSs). The enforcement of prohibiting overloaded trucking, which enhances environmental and social performance of sustainability, has not progressed well, as it raises transport costs and lowers economic performance, and cannot improve the overall performance of sustainability. It is, thus, necessary to find a way to eliminate overloaded trucking without undermining the overall performance of sustainability. A modal shift is a potential way to achieve freight sustainability, by encouraging greater use of more efficient transport modes. This paper develops a system dynamics model to perform a long-term evaluation of alternative modal shift policies with trucks meeting the statutory limit, and then identified effective policies, whereby the increasing sustainability of IFSs could be achieved. The proposed model was applied to a specific case in China. The results show that the effective modal shift policy is to construct a Class I railway to shift freight away from highways. A discussion is then proposed, based on an analysis of different parameter setting scenarios regarding more general situations.
Introduction
Sustainability of transportation systems has become a growing area of interest in practice and research. Institutions and researchers have proposed different definitions of sustainability of transportation systems, and have shown a consensus, that sustainability of transportation systems requires holistic triple bottom line accounting, including the economic, social, and environmental properties of transportation [1] . Although there is no standard definition [1] , Cormier and Gilbert [2] still recommend the definition proposed by the Centre for Sustainable Transportation (CST) in Canada, because this definition has a broad scope and recognizes specific transportation issues. According to this definition, the sustainability of a transportation system requires a transportation system to: (1) allow the basic access and development needs of individuals, companies, and society to be safely met; (2) operate fairly and efficiently, offering a choice of transport modes and supporting a competitive economy; and (3) limit emissions and waste within the planet's ability to absorb them [2] . Sustainability of transportation systems could be evaluated by a set of indicators, among which the most common indicators include transport cost, transport time, emissions, noise, traffic congestion, and safety [3] .
•
The above-mentioned methodologies presuppose that the exogenous stimuli, e.g., policy activities, can be clearly distinguished and, thereafter, examine the effects of the stimuli separately [23] .
Regarding the problem of this study, solving the overloaded trucking problem involves changing the truck payload, which gives rise to simultaneous variations in multiple determinants of a freight system, such as transport cost, transport time, and truck traffic volume, which cannot be clearly and individually separated and analyzed.
•
The strategic evaluation of freight sustainability should be performed at the macro level of freight systems, which requires including components of freight systems, as comprehensively as possible. This requirement leads to a method that facilitates accommodating a wide range of components, while simplifying the details of the components. In contrast, optimization-and simulation-based methods are characterized as high-resolution in components' details but as low-resolution in the coverage of components [24] . Consequently, these methods are more appropriate for the analysis of sub-systems of freight systems or of sub-objectives of freight sustainability.
The assessment of the effect of modal shift policies on the overall performance of sustainability needs to, simultaneously, take into account economic, social, and environmental objectives.
The optimization-and simulation-based methods, intended to optimize individual sub-objectives, cannot reliably evaluate the overall sustainable performance of a freight system, even when these methods are used in such a way that one model's results feed into another model's assumption [25] . In other words, these methods are generally inadequate for the assessment of the overall performance of sustainability when the whole is greater than the sum of its parts; namely, freight sustainability as the emergence of intertwining factors, including freight activities, policies, and time.
The sustainable effects of modal shift policies on IFSs arise from a set of coupled causes and last over time. Looking too narrowly at a particular cause or changes within a particular time, without systematically considering the sustainable effects, would lead to solutions that merely serve to move the issues of sustainability around, rather than improve the system as a whole. From this point of view, the methodological priority should be toward a systems-based approach [26] , which focuses on the system's evolution that stems from interactions and feedback among components of the system and is capable of comprehensively and dynamically analyzing policy effects.
Regarding the applications of systems-based approaches to freight sustainability evaluation, Richardson [27] employed a method based on influence diagramming to provide frameworks illustrating the interactions among influence indicators of freight sustainability. However, this study did not suggest any method for quantifying the relationships among the variables and indicators. Ülengin et al. [26] developed a structural equation model to assess the consequences of possible policies on Turkey's passenger and freight transportation system. The model quantifies interrelations among a Sustainability 2017, 9, 398 4 of 24 series of variables that reflect alternative sustainable issues; however, it stresses indicators regarding environmental and social issues, with little consideration for economic issues, such as transport costs and transport time, which are important for freight owners and carriers. Maheshwari et al. [28] built a dynamic model, which was derived by referring to the predator-prey models of biology, to capture the interdependent behavior of transportation, economics, and environmental systems over time. However, the model did not further account for the interrelations among the components within the respective systems; thus, the detailed effects of the policies could not be analyzed.
In this study, the method we employed was SD, which is another important branch of systems-based approaches. SD is well suited for the objective of this study for the following reasons:
The essence of the problem of overloaded trucking lies in the interactions of different agents' (e.g., freight owners, infrastructure operators, and the government) decisions, based on their own interests. SD is useful in understanding these interactions by setting both multiple variables representing the behavior of those agents and equations between variables that reflect the interdependency of those agents.
The objective of this study is to evaluate policies' effects on sustainability, regarding which both economic effects and social and environmental effects should be considered simultaneously. SD allows the cost-benefit analysis approach to be integrated [7] , which enables a consistent assessment of policies by converting both economic effects and social and environmental effects into monetary equivalents; thus, it is suitable for evaluating global effects of modal shift policies on freight sustainability.
The nature of this research is policy evaluation, which is in the strategic horizon that the long-term effects of policies are to be assessed. SD has the advantage in policy evaluation of not only analyzing the ultimate effects of policies over a long time period, but also providing a time path of policies' impacts on systems [24] .
SD and Applications to Freight Transportation
SD was initially developed by Forrester from Massachusetts Institute of Technology in the 1950s and 1960s. It uses a standard causal loop approach to develop a qualitative model of a system, which is then transformed into a quantitative stock-flow model that consists of stocks, flows, converters, and feedback loops. The SD approach is becoming increasingly used in a hierarchical manner, which allows systems and policies to interact across space and time [29] . Thus, it is a useful decision-making and policy evaluation tool due to its ability of interpreting the past behavior of systems and forecasting policies' effects on systems.
SD was first applied in transportation in the 1990s for passenger transportation, and later for freight transportation. Abbas and Bell [30] first confirmed the applicability of SD for transportation modeling and listed twelve advantages of the approach compared to traditional transport modeling. Shepherd [29] recently proposed a comprehensive review of SD models applied to transportation within the last twenty years. However, the literature applying SD to freight transportation focuses, respectively, on a single issue of sustainability, such as carbon emission [31] [32] [33] , land use [34] , pavement condition [7, 35] , traffic safety [36] , and congestion [37, 38] , with little discussion on the integrated effects of the above-mentioned issues, namely, freight sustainability. Moreover, most existing literature does not consider the problem of overloaded trucking, except the research by Hang and Li [7] , but the objective of this research is to investigate the impacts of overloaded trucking on transport and pavement maintenance costs, not on freight sustainability. Overloaded trucking gives rise to simultaneous changes in IFSs' performance on the above-mentioned sustainable issues. The dynamic mechanism of how overloaded trucking and modal shift policies influence the overall performance of sustainability needs to be investigated.
This research advances the literature related to freight transportation by solving the problem of overloaded trucking, meanwhile achieving the increasing sustainability of IFSs via an SD approach. In this study, we developed an SD model to evaluate the sustainable effects of potential modal shift solutions in which trucks meet the statutory limit; we then compared the effects with those of the current practice in which trucks are overloaded and identified the effective modal shift policies for increasing sustainability in terms of the reduction of IFSs' total costs, including economic, environmental, and social costs. The results of this study provide some insight into the reciprocal mechanism between modal shift policies and the sustainable performance of IFSs. The SD model provides the decision-makers with a tool for developing the appropriate and feasible modal shift policies to achieve increasing sustainability of IFSs with the premise of eliminating overloaded trucking.
Methodology
Before the SD model is proposed, the common and self-defined abbreviations used are listed in Table 1 . 
Problem Description and Hypotheses of the Model
The generic representation of a typical IFS in China is shown in Figure 1 . The most common transport infrastructures are highways, including an express highway and a regular highway. The express highway is enclosed, charging the passing trucks by weight, and overloaded trucks are subjected to heavy penalties; therefore, the express highway deters all of the overloaded trucks. The regular highway is open to all vehicles and free of charge, with traffic police performing random inspections on overloaded trucks during the day. Thus, most of the overloaded trucks choose to use the regular highway at night to avoid the traffic police, causing traffic safety problems and severe damage to the pavement. Except for highways, the railway should also be considered. However, the railway is not equipped as commonly as highways in most of the IFSs in China. Thus, if an IFS is not equipped with the railway, the construction of a new railway is considered. The railway is differentiated as Class III, Class II, and Class I according to the Code for Design of Railway Line (CDRL) published by the China Railway Corporation [39] , with significant differences in technical specifications of both railway lines and locomotives.
situation of delayed maintenance operations due to a budget shortfall [35] and assumes that maintenance operations initiated in a year can be accomplished within the year. (3) The model assumes that new vehicles are to be put into service instantly, without considering the delay in the processes of sales and delivery of the new vehicles. 
Model Framework
The SD model is developed in a modular manner, with the main elemental modules and their reciprocal links depicted in Figure 2 . The theoretical basis supporting the development of the framework is the classical four-step model, a predominant framework for freight transport modeling [24] . The model framework is composed of six interrelated modules, including the freight generation module (FGM), the fleet evolution module (FEM), the freight infrastructures module (FIM), the freight time module (FTM), the modal split module (MSM), and the policy evaluation module (PEM), with each one dedicated to one specific function. The whole system evolves year by year as a consequence of the reciprocal effects among modules. In general, the sustainability of an IFS, evaluated in the PEM, depends on its freight activities that are determined by a complex mechanism that functions through two feedback loops coving the other five modules, marked as Loops 1 and 2 in Figure 2 . To be specific, in feedback Loop 1, according to the modal share provided by the MSM, the modal freight volume is determined by the FGM and is then converted into the modal traffic volume by the FEM. The modal traffic volume influences the congestion level and transport time of a mode (calculated in the FTM), This study targets the problem of overloaded trucking in IFSs in China, with the aim of eliminating overloaded trucking and, meanwhile, achieving increasing sustainability via modal shift policies in the long term. Based on this objective, the following assumptions are adopted:
(1) A modal shift policy is fixed throughout the simulation period once it is implemented, without considering the situation that the policy is altered or aborted. (2) The model considers only highway pavement damage from heavy-duty trucks while neglecting that from small passenger cars because of the minor influences of passenger cars on highway pavement. Regarding the maintenance of infrastructures, the model excludes the situation of delayed maintenance operations due to a budget shortfall [35] and assumes that maintenance operations initiated in a year can be accomplished within the year. (3) The model assumes that new vehicles are to be put into service instantly, without considering the delay in the processes of sales and delivery of the new vehicles.
The SD model is developed in a modular manner, with the main elemental modules and their reciprocal links depicted in Figure 2 . This study targets the problem of overloaded trucking in IFSs in China, with the aim of eliminating overloaded trucking and, meanwhile, achieving increasing sustainability via modal shift policies in the long term. Based on this objective, the following assumptions are adopted:
The SD model is developed in a modular manner, with the main elemental modules and their reciprocal links depicted in Figure 2 . The theoretical basis supporting the development of the framework is the classical four-step model, a predominant framework for freight transport modeling [24] . The model framework is composed of six interrelated modules, including the freight generation module (FGM), the fleet evolution module (FEM), the freight infrastructures module (FIM), the freight time module (FTM), the modal split module (MSM), and the policy evaluation module (PEM), with each one dedicated The theoretical basis supporting the development of the framework is the classical four-step model, a predominant framework for freight transport modeling [24] . The model framework is composed of Sustainability 2017, 9, 398 7 of 24 six interrelated modules, including the freight generation module (FGM), the fleet evolution module (FEM), the freight infrastructures module (FIM), the freight time module (FTM), the modal split module (MSM), and the policy evaluation module (PEM), with each one dedicated to one specific function. The whole system evolves year by year as a consequence of the reciprocal effects among modules. In general, the sustainability of an IFS, evaluated in the PEM, depends on its freight activities that are determined by a complex mechanism that functions through two feedback loops coving the other five modules, marked as Loops 1 and 2 in Figure 2 . To be specific, in feedback Loop 1, according to the modal share provided by the MSM, the modal freight volume is determined by the FGM and is then converted into the modal traffic volume by the FEM. The modal traffic volume influences the congestion level and transport time of a mode (calculated in the FTM), which are the important determinants of the modal share of the next year. In Feedback Loop 2, the modal traffic (calculated by the FEM) causes wear and tear to the infrastructure and leads to changes in the infrastructure's capacity (calculated by the FIM), which influence the congestion level, as well as transport time of a mode (calculated by the FTM), and further influence the modal share (calculated by the MSM) and modal traffic volume of the next year. As a result, the sustainability of an IFS is determined by the dynamic course in which freight activities are intertwined within the feedback loops.
Model Development

The Freight Generation Module
This module functions to forecast the total freight volume of an IFS of a year first, then assigns it to the alternative modes. The total freight volume is influenced by multiple complicated factors, such as the national and regional economy, industry situations, etc. Considering that it would make the model too complicated by taking all of these factors into the model and forecasting endogenously, the model applies an exogenous estimation, namely taking the forecasting results from other models as the input of this model. After the total freight volume is determined, freight distribution among the alternative modes is implemented by the following two steps:
Step one: The distribution of the total freight volume between the highway system and the railway system, based on the respective modal share provided by the MSM. In this step, the freight volume of the railway system is determined considering, first, the rigid restriction of the maximum capacity on the railway system, which is different from the highway system, in which the truck traffic volume of a highway is allowed to exceed its maximum capacity. With this constraint, this module calculates the scheduled freight volume of the railway first, then compares the scheduled freight volume with the maximum capacity of the railway, and the actual freight volume of the railway is the lesser of them. The function is as follows:
where f R (t) is the freight volume of the railway system in year t, f (t) is the freight volume of the total freight volume of an IFS, p R (t), provided by the MSM, is the modal share of the railway, and Q R is the maximum capacity of the railway. The freight volume of the highway system is then obtained by removing the railway freight volume from the total freight volume.
Step two: The freight distribution within the highway system. In this step, the freight volume of the highway system is further assigned to the express highway and the regular highway based on the corresponding modal share. The function is as follows:
where f H k (t) is the freight volume of highway k in year t, and p H k (t), provided by the MSM, is the modal share of highway k.
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The Fleet Evolution Module
After the modal freight volume is generated, a fleet of vehicles is needed to transport the freight. This module aims to assess the number of scrap vehicles and new vehicles each year, serving for the PEM for calculating the vehicles' purchasing cost. The approach adopted in this module is the classic scrap-and-sales model [33] . Specifically, this module first estimates the modal vehicle stock needed to fulfill transport demands according to the vehicle utilization rate and the modal traffic volume that is transformed from the modal freight volume, which, then, compares it with the remaining vehicle stock to obtain the number of new vehicles of a mode. The function is as follows:
where n x (t) is the number of new vehicles of mode x in year t, N x (t) is the vehicle stock fulfilling transport demands. Stock x (t, y) is the remaining stock of vehicles with an age of y years in year t, with the function of
where
is the number of scrap vehicles with an age of y − 1 years in year t − 1. Regarding trucks on highways, Scrap x (t, y) depends on the scrap probability φ y that features a Weibull distribution in the form of
where L j is the average value of the maximum useful life span of trucks, b j is the parameter that determines the growth rate of scrap probability as age of trucks increases. Both b j and L j are related to truck type j. Hao et al. [40] obtained the values of both parameters through a regression analysis on the statistics of scrapped vehicles in China, including light, medium, and heavy duty trucks, and illustrated the resulting Weibull distribution under different values of both parameters. If trucks are overloaded, more serious wear and tear to trucks is caused, leading to a smaller value of L j and a higher value of φ y . Regarding freight trains on the railway, the simulation of scrap and sales is simpler as there are no overloaded freight trains of which the usage duration varies significantly. The simulation functions as a sort of conveyor where freight trains are transferred year by year from an age class to the subsequent one and are dropped out after the maximum usage period of 20 years regulated by the China Railway Corporation.
The Freight Infrastructures Module
The modal traffic of freight vehicles causes damage to the infrastructure. This module addresses simulating the deterioration and maintenance dynamics of infrastructures and, based on which, to estimate the average transport capacity of infrastructures. Regarding the maintenance operations of the railway, this module considers only regular maintenance, since most of the wear and tear to the railway is regular without extra damage from overloaded freight trains, which are strictly forbidden by the China Railway Corporation due to their fatal damage to railway lines, as well as rail freight safety.
The deterioration and maintenance dynamics of highway pavements is much more complicated than that of the railway due to the existence of overloaded trucks with nonlinear characteristics in their damage to pavement. In China, the pavement condition is quantified by the pavement performance indicator (PPI), defined by the Specifications for Design of Highway Asphalt Pavement (SDHAP) published by the Ministry of Transport of China [41] . The highway operator determines alternative maintenance operations based on the value of PPI, and the performance thresholds and maintenance effects of these operations are shown in Table 2 . Table 2 . Performance thresholds and maintenance effects of maintenance operations.
Maintenance Operations Thresholds of PPI Values Maintenance Effects
In Table 2 , PPIˆH k (t) and PPI * H k (t) are, respectively, the PPI value of highway k before and after pavement maintenance in year t. The value of PPIˆH k (t), ranging from zero (when the pavement is at its worst condition) to 100 (when the pavement is at its best condition), is calculated by the following traditional pavement deterioration formula [42] :
where α k and β k are dependent on the actual usage duration of highway k, which is determined by the allowable cumulative equivalent axles that the pavement can bear and the equivalent axles of truck traffic with a certain truck weight. In the context in which trucks on a highway are overloaded, the equivalent axles of truck traffic grow rapidly, causing a sharp decline in the actual duration the highway is used and the extra maintenance operations. The second function of this module is to calculate the average transport capacity of an infrastructure, which is updated each year of simulation on the basis of the infrastructure deterioration and maintenance operation determined by the first function. The railway capacity is expressed in tons per year, and the maximum value is regulated by the CDRL [39] . Considering that regular maintenance of the railway is always performed, the average capacity of the railway is thus assumed to be at its maximum. The highway capacity is expressed in passenger car units (PCU) × kilometers, in which the PCU, defined by the SDHAP [41] , is used in consideration that a highway is used by both large freight trucks and small passenger cars. The average capacity of a highway is measured by the average value of PPI within a year that reflects the average pavement condition within the year.
The Freight Time Module
This module functions to estimate the average freight time of alternative modes, which consists of freight transport time and handling time. To be specific:
(1) The average transport time is determined by the average transport speed of a mode and transport mileage. Regarding the railway transport, the average speed is related to the performance of both infrastructures (e.g., class of rail lines, electrified or not) and locomotives (e.g., engine type, traction power). While the average transport speed of highway trucks is determined by a more complicated mechanism in which the congestion level needs to be taken into account, since the truck traffic volume of a highway is allowed to exceed the maximum capacity of the highway. The greater the highway capacity, or the lesser the truck traffic volume, the lower the congestion level and, thus, the higher the average speed of trucks. This relationship is quantified by the following speed-flow function [43] :
where s H k (t) and S H K are, respectively, the average speed and the highest speed of trucks on highway k in year t, v H k (t) is the truck traffic volume of highway k in year t, fed by the FEM, and c H k (t) is the average capacity of highway k in year t, provided by the FIM. The values of λ H k , w H k , and µ H k , related with highway types, are defined by the SDHAP.
The speed-flow function manifests an entangled situation as overload trucking is involved. On one hand, overloaded trucking gives rise to the highest speed of trucks dropping, leading to a decline in the average speed. On the other hand, overloaded trucking causes truck traffic volume to decrease, resulting in relief of congestion and an increase in the average speed. (2) The average freight handling time, including loading, unloading, and waiting time in freight yards or warehouses, is calculated by the following function:
where T x (t) is the average freight handling time of mode x in year t, l x (t) is the average payload of freight vehicles of mode x, d 1x (t) and d 2x (t) are, respectively, loading and unloading capacities, and Tˆx(t) is the waiting time of vehicles in freight yards or warehouses. Regarding highway trucks, loading and unloading processes act as a queuing system [44] , in which Tˆx(t) is determined by both the number of loading or unloading machines and the number of arriving trucks calculated based on truck traffic volume. Regarding freight trains, Tˆx(t) is the average value of the best and worst values of waiting time as railway transport is operated based on a scheduled timetable, which is obtained by the freight volume of the railway, provided by the FGM, and the traction tons of a freight train.
The Modal Split Module
Both freight time and cost are important determinants of mode choices by freight owners. Since the model works at the aggregate level, the mode choices of freight owners are embodied in this module by modal shares, which are then sent back to the FGM for freight distribution among modes. The approach supporting the development of this module is the random utility theory, which estimates the share of a mode within the current year of simulation based on the transport utility of the mode of the previous year. The model most commonly used for calculating modal shares is the logit model [45] , which is in the form of
where p x (t) is the share of mode x in year t, and u x (t − 1) is the unit transport utility of mode x in year t − 1. For freight transport, the modal utility is mainly dependent on the unit-generalized cost, which consists of the unit freight operating cost and the unit freight time cost. To be specific:
(1) The unit freight operating cost, including unit freight transport and handling costs, is calculated by the following function:
where c 1x (t) is the unit freight transport cost of mode x in year t. For highway transport, c 1x (t) varies with the truck payload. The higher the payload (including the payload exceeding the statutory limit in overloaded trucking), the lower the c 1x (t). Hang et al. [46] quantified this relationship between the unit freight transport cost and the payload of highway trucks in China. For railway transport, c 1x (t) is actually in terms of the price of freight service provided by the China Railway Corporation as a third party of transportation. In general, the unit freight transport cost of railway is lower than that of highway due to the scale economies of transport, even when highway trucks are overloaded. However, in circumstance that there are no feeder railways for both shippers and consignees, trucking legs to both ends of railway should be considered; then c 1x (t) is actually the unit intermodal transport cost. c 2x (t) × h x is the unit freight handling cost, which depends on the handling cost of the unit freight volume c 2x (t) and the handling times h x . One of the key disadvantages of railway transport is the need to conduct multiple handling of goods if intermodal transport is involved in which trucking legs to both ends of the railway are needed. In this situation, the unit freight handling cost includes not only that of railway transport leg c 2R (t) × h R , but also that of highway trucking legs c 2H (t) × h H . Therefore, the modal choice strongly depends on the handling costs, as well as on the availability of co-infrastructure. (2) The unit freight time cost is obtained by multiplying the unit freight time and the value of time (VOT). The unit freight time, including freight transport time and handling time, is calculated by the FTM. The VOT is the monetary value assigned to a unit of time and it depends on the freight type. The higher the value of a certain type of cargoes, the higher the VOT.
The Policy Evaluation Module
This module is used to evaluate the sustainability of alternative modal shift policies on the basis of policies' influences on freight activities that are simulated by the above five modules. Referring to the sustainable indicators proposed by Haghshenas and Vaziri [3] , this module transforms these indicators into consistent monetary equivalents and sorts them in two categories, economic costs and social costs, to facilitate the comparison of policy effects. To be specific:
(1) Economic costs refer to the costs paid by the agents involved directly in transport activities (e.g., freight owners, carriers), including:
• The freight generalized cost, including freight operating and time costs, provided by the MSM.
•
The freight vehicles' purchasing cost, which is estimated by the vehicle price and the number of new vehicles each year fed by the FEM. It is worth noting that the purchasing cost of railway vehicles includes that of locomotives only, without that of rolling stock. This is because all of the rolling stock is under unified management of China Railway Corporation, and companies cannot buy rolling stock, but rent them from China Railway Corporation. The cost for renting rolling stock has been accounted for in the transport cost of the railway.
The investments on the railway infrastructure, based on the condition that an IFS does not have railways; and the maintenance cost of the railway infrastructure, which has already been accounted for in the transport cost, is actually in terms of the price of freight service provided by the China Railway Corporation as a third party of transportation.
(2) Social costs refer to the costs paid by the government or the public, including:
• The highway pavement maintenance cost, calculated by the maintenance operations fed by the FIM and the corresponding costs of maintenance operations. It is worth noting that this cost is classified into social costs because it is funded by the state's fiscal department, not the highway operator.
The traffic accidents cost, which is obtained by multiplying the modal traffic volume and a modal-accident cost factor. Particularly for highways, the value of the accidents cost factor varies with the truck weight. The higher the truck weight, the worse the maneuver of trucks, and, thus, the greater the accidents rate and the factor value. • Greenhouse gas and air pollutants emissions costs, which are estimated individually by adopting fuel-based and distance-based approaches [47] . The general method used for both approaches is to estimate the emissions amount first by multiplying the amount of freight activities and an emission factor per unit of freight activity, then to calculate emissions costs by the marginal costs of respective emissions. Noted that if trucks are overloaded, the emissions of a single truck increase under a heavier payload, but the amount of trucking activities decreases at the same time, making the situation more complex.
The noise cost, which is excluded in the model because most of the areas that China's IFSs cover are sparsely populated.
Model Application and Validation
The proposed SD model was applied to a specific case in China, the Cao-Tang freight system (the intercity freight from Caofeidian to Tangshan), as shown in Figure 3 . The main freight type of the case is iron ore, of which the amount consists over 90 percent of the overall freight volume, in contrast to other minor freight types (e.g., crude salt, crude sugar, and wood, etc.). Tangshan city is the largest steel industry base in China, and the iron ore the steel companies need is mainly imported from overseas and is unloaded in Caofeidian port located in Caofeidian district. There is no railway linking Caofeidian and Tangshan, although both the Caofeidian port and steel companies in Tangshan are equipped with internal railways. All of the iron ore from Caofeidian to Tangshan is transported through two highways, an express highway and a regular highway. The express highway is enclosed, with weighbridges monitoring trucks' weights, so it is used by only a small number of trucks that meet the statutory limit. The regular highway is open and free of charge, with traffic police inspecting it randomly during the day. Therefore, all of the overloaded trucks, with the average payload of 93 tons, which is far beyond the statutory limit of 35 tons, choose to use the regular highway at night when traffic police are off-duty, causing severe pavement damage and safety issues. It is urgent for the local government to come up with a modal shift solution that prevents overloaded trucking without undermining the overall sustainability of the system. 
The proposed SD model was applied to a specific case in China, the Cao-Tang freight system (the intercity freight from Caofeidian to Tangshan), as shown in Figure 3 . The main freight type of the case is iron ore, of which the amount consists over 90 percent of the overall freight volume, in contrast to other minor freight types (e.g., crude salt, crude sugar, and wood, etc.). Tangshan city is the largest steel industry base in China, and the iron ore the steel companies need is mainly imported from overseas and is unloaded in Caofeidian port located in Caofeidian district. There is no railway linking Caofeidian and Tangshan, although both the Caofeidian port and steel companies in Tangshan are equipped with internal railways. All of the iron ore from Caofeidian to Tangshan is transported through two highways, an express highway and a regular highway. The express highway is enclosed, with weighbridges monitoring trucks' weights, so it is used by only a small number of trucks that meet the statutory limit. The regular highway is open and free of charge, with traffic police inspecting it randomly during the day. Therefore, all of the overloaded trucks, with the average payload of 93 tons, which is far beyond the statutory limit of 35 tons, choose to use the regular highway at night when traffic police are off-duty, causing severe pavement damage and safety issues. It is urgent for the local government to come up with a modal shift solution that prevents overloaded trucking without undermining the overall sustainability of the system. The model was applied to this case by assigning a variety of parameters specific values, which were obtained referring to both primary data derived from an onsite survey of the Cao-Tang freight system and secondary existing data derived from the peer-reviewed literature [48, 49] , the CDRL [39] , and the SDHAP [41] . Some parameters used in the SD model of the Cao-Tang freight system are shown in Table 3 .
The applied model was implemented using the Vensim software package (Ventana Systems, inc., Harvard, MA, USA), a predominant SD simulation platform, with parameters and functions transformed into model equations. Simulation runs were first conducted on historical years, from 2008, when the Caofeidian port was first operated, to 2015, for model validation. The validation process is exemplified on two variables. The results show that the simulated values of both variables are well correlated with the actual values, as shown in Figure 4a ,b. The validation process was also undertaken for other variables, and the results are also satisfactory, which implies that the model is qualified for policy evaluation. The model was applied to this case by assigning a variety of parameters specific values, which were obtained referring to both primary data derived from an onsite survey of the Cao-Tang freight system and secondary existing data derived from the peer-reviewed literature [48, 49] , the CDRL [39] , and the SDHAP [41] . Some parameters used in the SD model of the Cao-Tang freight system are shown in Table 3 .
The applied model was implemented using the Vensim software package (Ventana Systems, inc., Harvard, MA, USA), a predominant SD simulation platform, with parameters and functions transformed into model equations. Simulation runs were first conducted on historical years, from 2008, when the Caofeidian port was first operated, to 2015, for model validation. The validation process is exemplified on two variables. The results show that the simulated values of both variables are well correlated with the actual values, as shown in Figure 4a ,b. The validation process was also undertaken for other variables, and the results are also satisfactory, which implies that the model is qualified for policy evaluation. 
Policy Formulation
Alternative modal shift policies were set for evaluation after the model was validated. According to the commonly used modal shift policies suggested by Woodburn et al. [10] , this study considers the regulatory measure and railway infrastructure construction for the Cao-Tang freight system.
The regulatory measure refers to the rigid weight regulation (RWR) for overloaded trucks, by which all of the overloaded trucks are required to meet the statutory limit, with the expected effect that truck flow of the regular highway is diverted to the express highway. Based on the RWR, the modal shift from road towards railway (MSR) is further formulated. Railway infrastructure construction is involved regarding MSR, as there is no existing railway linking Caofeidian and Tangshan, with the expected effect that some of the freight on highways is directed to the railway, as shown in Figure 5 .
To be specific, three MSR policies were formulated, including Modal Shift from road towards Railway of Class III (MSR III), Class II (MSR II), and Class I (MSR I), according to the railway classification defined by the CDRL. Table 4 shows the technical specifications of the railway with different classes, which were obtained by consulting practitioners from the authorities' department 
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(1) The baseline, which is the scenario with a projection of the past and current trends so that the following policy scenarios can be compared with it for evaluation. As mentioned above, there is severe overloaded trucking on the regular highway. It is assumed in the baseline that this pattern will continue in the future without any policy intervention. (2) The RWR, in which all of the overloaded trucks on the regular highway are assumed to meet the statutory limit from 2016, the starting year of the scenario. (3) The MSR, which includes MSR III, MSR II, and MSR I that are to be implemented individually.
In the scenarios of the MSR, it is assumed that a railway is to be constructed from the starting year of 2016, and the RWR for highways is also implemented at the same time.
The simulation period of the above scenarios is set as ten years, which covers the next two five-year plans of China (the 13th five-year plan: 2016-2020, and the 14th five-year plan: 2021-2025). The model aims to calculate and compare the total cumulative cost (TCC), including the cumulative economic cost (CEC) and the cumulative social cost (CSC), within the simulation period of all the scenarios, following the principle that the policies by which increasing sustainability, in terms of a reduction of the TCC compared with the baseline, can be achieved are the effective ones. To be specific, three MSR policies were formulated, including Modal Shift from road towards Railway of Class III (MSR III), Class II (MSR II), and Class I (MSR I), according to the railway classification defined by the CDRL. Table 4 shows the technical specifications of the railway with different classes, which were obtained by consulting practitioners from the authorities' department of the Qian-Cao railway, which is exclusively used for coal transportation from Qian'an, a city adjacent to Tangshan, to Caofeidian. Based on the formulated modal shift policies, a series of scenarios were defined as follows:
(1) The baseline, which is the scenario with a projection of the past and current trends so that the following policy scenarios can be compared with it for evaluation. As mentioned above, there is severe overloaded trucking on the regular highway. It is assumed in the baseline that this pattern will continue in the future without any policy intervention. (2) The RWR, in which all of the overloaded trucks on the regular highway are assumed to meet the statutory limit from 2016, the starting year of the scenario.
(3) The MSR, which includes MSR III, MSR II, and MSR I that are to be implemented individually.
The simulation period of the above scenarios is set as ten years, which covers the next two five-year plans of China (the 13th five-year plan: 2016-2020, and the 14th five-year plan: 2021-2025). The model aims to calculate and compare the total cumulative cost (TCC), including the cumulative economic cost (CEC) and the cumulative social cost (CSC), within the simulation period of all the scenarios, following the principle that the policies by which increasing sustainability, in terms of a reduction of the TCC compared with the baseline, can be achieved are the effective ones.
Results and Discussion
Sustainable Effects of the RWR
The model first simulated both the baseline and the RWR. The sustainable effects of both scenarios are compared and analyzed as follows:
(1) The RWR causes an increase of 10.86 billion Yuan of the CEC compared with the baseline, in which:
• The cumulative truck purchasing cost (CTPC) rises by 2.53 billion Yuan, because the RWR reduces the truck payload and, thus, increases the number of trucks to fulfill the same amount of freight.
•
The cumulative generalized cost (CGC) increases by 8.33 billion Yuan, most of which is contributed by the increase of the cumulative freight operating cost (7.22 billion Yuan), as the RWR counteracts the scale economies of transportation by significantly lowering the truck payload. Regarding the other constituent part of the CGC, namely the cumulative freight time cost, the results show that: (1) the cumulative freight time cost of truck traffic on the express highway increases by 1.25 billion Yuan because the RWR lowers the attractiveness of the regular highway and directs more truck traffic to the express highway, increasing the congestion and freight time of both a single truck (as shown in Figure 6a ) and truck traffic; and (2) the cumulative freight time cost of truck traffic on the regular highway decreases slightly by 0.14 billion Yuan. The reason is that the freight time of a single truck remarkably decreases on one hand (as shown in Figure 6b ), as the consequence of a greater capacity of the regular highway because permissible trucking hours are no longer limited to the nighttime once trucks meet the statutory limit; on the other hand, however, the truck traffic volume of the regular highway still increases (as shown in Figure 6c ) by the RWR despite a lower modal share (as shown in Figure 6d ), leading to a minor change in the freight time of truck traffic.
(2) The RWR contributes a reduction of 5.62 billion Yuan of the CSC compared with the baseline, in which:
• The cumulative pavement maintenance cost (CPMC) drops remarkably by 4.49 billion Yuan. On one hand, the CPMC of the express highway increases by 1.33 billion Yuan, as the result of more operation times of corrective maintenance (as shown in Figure 7a ) caused by more wear of tear to the pavement from a greater truck traffic volume. On the other hand, however, the CPMC of the regular highway decreases significantly by 5.82 billion Yuan, as the RWR effectively protects the pavement and reduces the operation times of costly restorative maintenance (as shown in Figure 7b ).
The cumulative greenhouse gas and air pollutant emissions cost (CGAC) decreases by 0.29 billion Yuan because the reduction of emissions of a single truck with a lighter payload contributes more than the increase in the truck traffic volume.
• The cumulative traffic accidents cost (CTAC) decreases by 0.84 billion Yuan, as the reduction in the traffic accidents rate under the RWR contributes more than the increase in the truck traffic volume.
(3) In summary, the increase in the CEC is higher than the reduction in the CSC by the RWR, leading to an increase in the TCC by 5.24 billion Yuan in contrast to the baseline. This indicates that the RWR lowers the overall performance of the sustainability of the Cao-Tang freight system and is not an effective option. 
Sustainable Effects of the MSR
Next, the model simulated the scenarios of MSR III, MSR II, and MSR I and compared the effects with that of the RWR and the baseline. The sustainable effects of the MSR are analyzed as follows:
(1) The CECs of the three MSR scenarios present two important features, as shown in Figure 8a . First, within the initial stage of the simulation period, the CECs of all three MSR scenarios are higher than that of the RWR, and the higher the class of the railway, the greater the CEC value. At the end of the simulation period, this trend is just the opposite. Second, the CECs of all three MSR scenarios are higher than that of the baseline. The reasons are as follows:
• The CTPCs of all three MSR scenarios are lower than that of the RWR, and the higher the class of the railway, the lower the CTPC (as shown in Figure 8b ), as the railway with a higher class shifts more freight away from highways and brings about less trucks fulfilling the freight demand of highways. However, the CTPC is still higher than that of the baseline even as the railway reaches Class I. This is because the railway is under construction in the first three years and many new trucks are to be purchased under the enforcement of the RWR, leading to a fast increase in the CTPC in the first three years of the simulation period.
•
The CGCs of all three MSR scenarios are lower than that of the RWR (as shown in Figure 8c ), owing to involvement of the railway as a more efficient mode for both operating and time costs. However, even when the railway reaches Class I, the CGC is still higher than that of the baseline, mainly due to the contribution of CGC within the first three years when the railway is under construction.
The cumulative investments on railway infrastructure and locomotives (CIRI), which is additional to the RWR and the baseline, is determined by the technical specifications of the railway, and the higher the class of the railway, the greater the CIRI (as shown in Figure 8d ).
• Summing up the above costs, it is clear that the trends of the CECs of MSR scenarios within the first three years are mainly caused by the additional CIRIs. After the railway is put into operation, the additional CIRIs are gradually offset by both the CTPCs and the CGCs with lower growth rates.
(2) The CSCs of all three MSR scenarios are remarkably lower than that of the baseline and further lower than that of the RWR, and the higher the class of the railway, the lower the CSC (as shown in Figure 9a ). The reasons are as follows:
• The CPMCs of all three MSR scenarios are further lower than that of the RWR, due to the joint effects of the RWR that protects the pavement and the MSR that reduces the truck traffic volume of highways, and the higher the class of the railway, the lower the CPMC (as shown in Figure 9b ).
The CGACs, as well as the CTACs, of all three scenarios are lower than those of the RWR, due to the involvement of the railway as a more fuel-efficient mode and safer mode, and the higher the class of the railway, the lower the CGAC and CTAC (as show in Figure 9c ,d).
(3) Summing up the CESs and the CSCs, the TCCs of the three MSR scenarios are obtained and compared with that of both the baseline and the RWR, as shown in Figure 10 .
Sustainability 2017, 9, 398 18 of 24 still higher than that of the baseline, while the TCC of the MSR I is lower than that of the baseline, which indicates that the MSR I is the effective option to achieve the increasing sustainability of the Cao-Tang freight system within the preset policy evaluation period. Based on the results shown in Figure 10 , the evaluation of the MSR is concluded as follows: (1) The TCCs of all three MSR scenarios within the early stage of the simulation period are higher than that of the baseline and the RWR, due to the railway not being operated and the existence of the additional CIRIs. After 2019, when the railway is put into operation, the growth rates of the TCCs of the MSR scenarios slow down, and the higher the class of the railway, the lower the growth rate of the TCC; (2) At the end of the simulation period, the TCCs of both the MSR III and the MSR II are still higher than that of the baseline, while the TCC of the MSR I is lower than that of the baseline, which indicates that the MSR I is the effective option to achieve the increasing sustainability of the Cao-Tang freight system within the preset policy evaluation period.
Discussion
The case analysis shows that modal shift policies simultaneously influence both the economic issues and the social issues of sustainability due to the dynamics of interdependencies between components within IFSs. The effective modal shift policies may vary as the configuration of IFSs differs regarding more general situations in terms of different parameter settings. Table 5 shows this variation of results under different parameter settings and compares results to that of the above case with the current setting. In Table 5 , ineffective modal shift policies by which the sustainable effects are worse than that of the baseline are covered by the shaded box. The results from four parameter-setting scenarios are discussed as follows:
(1) The first scenario changes the processing method regarding railway investments. In the case of this study, railway investments, including investments on railway infrastructure and locomotives, are included in the CEC in form of one-time investments within the first three years during which the railway infrastructure is constructed. However, it is more widely accepted from an accounting perspective that the depreciation expense of railway investments should be used. Depreciation is a method of reallocating the cost of a tangible asset over its useful life span of it being in motion. Depreciation expense of an asset is calculated based on four criteria, including: (1) cost of the asset; (2) expected salvage value; (3) estimated useful life of the asset; and (4) a method of apportioning the cost over such a life span. In this scenario, the accumulated depreciation expense of railway investments, instead of one-time investments, is included in the CEC. Parameters regarding the depreciation expense calculation are shown in Table 6 , referring to the specifications for administration of fixed assets of railway transport companies, released by China Railway Corporation in 2005. Under this alternative calculation method of railway investments, the results show that both the MSR I and the MSR II are effective policies for increasing sustainability, compared to the above case with the current settings in which the sustainable effects of MSR I are only better than that of the baseline. This is because the railway depreciation is used by which high investments on railway are allocated over its long useful life, leading to lower growth rates of TCCs of MSR scenarios.
(2) The second scenario extends the simulation period of the model. It is worth noting that in the first scenario the sustainable effects of the MSR III are still worse than that of the baseline, even though the railway investments are handled as a depreciation expense. Particularly for the case of this study, the main disadvantage of multiple handling times and extra handling costs of railway transport is actually eliminated because both the Caofeidian port and steel companies in Tangshan are equipped with internal railways that can be connected seamlessly with the main railroad.
The main cause is that the simulation period is preset as just 10 years, during which the advantage of railway transport for bulk freight (e.g., iron ore) cannot be fully exploited. The second scenario extends the simulation period by 10 years. The results show that the sustainable effects of the MSR III within a longer time span would be better than that of the baseline. (3) The third scenario lowers the average overloaded ratio of trucks within the baseline. In the case of this study, the average overload ratio of trucks is very high (165.7%) due to both the nature of iron ore with high density and the truck type, which is the largest among truck types in China. Regarding other cases, the average overloaded ratio of trucks may be lower as smaller trucks may be used. This scenario simulates this situation by assigning the average overloaded ratio of trucks in the baseline with a smaller value (30%). Under this setting, the results show that the baseline, namely tolerating the practice of overloaded trucking, is the worst option. The sustainable effects of the RWR are even better than the baseline, not to mention the MSR scenarios. This is mainly because the increase of the pavement maintenance cost incurred by trucks with a low overloaded ratio is higher than the decrease of freight operating cost. (4) The fourth scenario is more complicated as it simultaneously changes settings of several parameters. In the case of this study, the freight type is iron ore, which is characterized by high freight volume and overloaded ratio of trucks, but low freight VOT (value of time). Regarding other cases of IFSs, there may exists a freight type with the opposite characteristics, namely low freight volume and overloaded ratio, but high freight VOT (e.g., containers). This scenario simulates this situation by significantly raising the initial value of VOT from 70 Yuan/hour to 350 Yuan/hour and, meanwhile, reducing the initial value of freight volume from 9.37 million tons/year to 5 million tons/year and the overloaded ratio from 165.7% to 30%. Furthermore, trucking legs at both ends of railway line should be considered because there are usually no feeder railways for both shippers and consignees regarding other freight types except bulk freight. Under these settings, the results show that the RWR is the best option, for the reason that is similar with that of the third scenario. The results also show that the sustainable effects of all three MSR scenarios are worse than that of the baseline. This is because of a higher handling cost caused by multiple handling times due to the existence of trucks feeding processes and, furthermore, a higher time cost is incurred due to both a higher freight handling time and a greater VOT.
Conclusions
The sustainability of intercity freight is an important part of a nation's sustainable development. SD is a suitable tool for the evaluation of freight sustainability. However, most of the literature applying SD to freight transportation focuses on only one single issue of sustainability and does not consider the problem of overloaded trucking, as well as its effects on sustainability. This paper contributes to the literature by addressing the problem of sustainability of intercity freight in which overloaded trucking exists. To solve the problem of overloaded trucking of IFSs, and meanwhile to achieve increasing sustainability, an SD model was developed to evaluate and compare the sustainable effects of alternative modal shift options in the long-term, then to identify the effective ones by which a reduction in the TCC within the simulation period can be achieved. The model was applied to a specific case in China. Alternative modal shift policies were formulated for the case, including the RWR and the MSR. The results show that the RWR fails to increase the sustainability of the case, as it causes a higher TCC than that of the baseline. Regarding the MSR, the results show that the MSR I, namely constructing a railway with Class I to shift freight away from highways, is the effective option to achieve the increasing sustainability. The developed model is also applicable to other cases by modifying the values of certain parameters. Different parameter setting scenarios are designed. The results show the effective modal shift policies vary as the situation of an IFS differs.
Further Research
The SD model of this study is actually on behalf of interests of the government or society. In other words, the best modal shift policies intended to realize the increasing sustainability of IFSs are to optimize the interests of the government or society. However, this study does not consider the situation that the reduced freight volume of highway systems, caused by the decision of the government that building a railway to shift freight away from highways, would harm highway carriers in their economic interests. In fact, an IFS evolves over time as the consequence of the dynamic course of stakeholders' decisions, of which some may be made by a gaming process and be adjusted dynamically, not as assumed in this study that a policy is fixed throughout the simulation period. For instance, regarding the case of this study when the local government decides to build a railway to shift iron ore away from highways, highway carriers may take actions, e.g., reducing trucking prices, to compete with the railway transport. From this point of view, one of further studies is to address the gaming processes of two or multiple stakeholders of a freight system within SD models. SD has the advantage of greater transparency in communicating results with decision-makers, and is capable of integrating gaming tools [29] . Therefore, SD models would be more beneficial to decision-makers of IFSs once they process interactions of stakeholders more dynamically from a gaming perspective.
